Prophylactic DNA vaccines against the influenza virus are promising alternatives to conventional vaccines. In this study, we generated two candidate gene-based influenza vaccines encoding either the seasonal or pandemic hemagglutinin antigen (HA) from the strains A/New Caledonia/20/99 (H1N1) (pV1A5) and A/California/04/2009 (H1N1) (pVEH1), respectively. After verifying antigen expression, the immunogenicity of the vaccines delivered intramuscularly with electroporation was tested in a mouse model. Sera of immunized animals were tested in hemagglutination inhibition assays and by ELISA for the presence of HA-specific antibodies. HA-specific T-cells were also measured in IFN-γ ELISpot assays. The protective efficacy of the candidate influenza vaccines was evaluated by measuring mortality rates and body weight after a challenge with 100 LD 50 of mouse-adapted A/New Caledonia/20/99 (H1N1). Mice immunized with either one of the two vaccines showed significantly higher T cell and humoral immune responses (P<0.05) than the pVAX1 control group. Additionally, the pV1A5 vaccine effectively protected the mice against a lethal homologous mouse-adapted virus challenge with a survival rate of 100% compared with a 40% survival rate in the pVEH1 vaccinated group (P<0.05). Our study indicates that the seasonal influenza DNA vaccine completely protects against the homologous A/New Caledonia/20/99 virus (H1N1), while the pandemic influenza DNA vaccine only partially protects against this virus. 
A new influenza A subtype H1N1 recently emerged, causing a human pandemic. Vaccination is the most effective measure to control the spread of the virus and to reduce the associated morbidity and mortality. However, existing evidence shows that the formerly used trivalent seasonal influenza vaccines are unlikely to provide protection against the new virus strain. Therefore, the development of new vaccines to protect against this virus is urgently needed.
Immunization with inactivated vaccines has long been the main method used for preventing influenza infections. However, approaches other than conventional vaccines have also been found to induce protective immunity against important structural proteins of the H1N1 virus. Promising approaches include recombinant protein vaccines [1] , adenovirus-based technologies [2] and DNA plasmids [3] . Plasmid DNA vaccines are non-pathogenic, stable at ambient temperatures, economical to produce, and they can be used for repeated immunizations. Many studies in chicken and mice have shown that DNA vaccines can provide protection against influenza subtypes H1, H3, H5, H7, and H9 [4] [5] [6] [7] [8] . In particular, DNA vaccines that express the hemagglutinin (HA) protein can protect mice from the viral challenge of either influenza A or B [9−13] . As well as the choice of vaccine antigen, the method of delivery of the vaccines can also influence their effectiveness. Recent animal studies suggest that DNA vaccines can be delivered by in vivo electroporation (EP), resulting in high transfection efficiency and increased protein expression [14, 15] . EP requires the application of short electrical pulses to the target tissue, rendering the cell membrane transiently permeable to DNA and other molecules. The effectiveness of EP as a non-viral gene delivery tool and its capacity for enhancing the potency of DNA vaccines have been demonstrated. Furthermore, EP has been frequently and successfully used to augment the potency of muscle-targeted DNA vaccines.
Heterosubtypic immunity (HSI) is defined as cross-protection against infection with an influenza A serotype other than the one used for primary infection or immunization. HSI is thought to be mediated by serotype cross-reactive cytotoxic T lymphocytes (CTL) that recognize the conserved epitopes of structural proteins. However, recent studies suggest that antibodies may also have a significant role in HIS [16] . In this study, we assess the protection afforded by DNA vaccines expressing different H1N1 HAs delivered by electroporation against a lethal challenge with seasonal A/New Caledonia/20/99 (H1N1) influenza virus in a mouse model.
Materials and methods

Viruses and cells
The A/New Caledonia/20/99 (H1N1) influenza virus (GenBank ID: CY033622) was stored in our laboratory. The A/New Caledonia/20/99 (H1N1) influenza virus that had been repeatedly passaged lung-to-lung and adapted in mice was propagated in 10-day-old embryonated specific-pathogen-free chicken eggs at 37°C and stored at −70°C. Viruses were titrated using the Reed and Muench method to determine the median tissue culture infective dose (TCID 50 = 10 −6.25 /0.05 mL) and then used to challenge Balb/c (12 weeks old) mice to determine the median lethal dose (LD 50 = 10 −3.5 /0.05 mL). Baby hamster kidney (BHK-21) cells were used for the transient expression experiments. All experiments using the A/New Caledonia/20/99 (H1N1) virus, including the animal challenge experiments, were conducted in accordance with biosafety level 2 containment procedures. 
Plasmid constructions
Indirect immunofluorescence assay for immunogenicity
BHK-21 cells were transfected with purified pV1A5, pVEH1, and pVAX1 DNA using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's protocol. Briefly, cell monolayers were grown on glass coverslips in a six-well plate and then transfected with the plasmid DNA (10 μg/well). Forty-eight hours after transfection, the cells were fixed with 0.05% glutaraldehyde and permeabilized with 0.5% Triton X-100 in phosphate-buffered saline (PBS), followed by incubation with rabbit polyclonal antibody specific for the HAs of A/New Caledonia/20/99 (H1N1) and A/California/07/2009 (H1N1) (1 : 2000 in poly(butylene succinate-co-terephthalate) (PBST)) for 1 h at 37°C. Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG antibodies (1 : 1000) with Evans Blue (1 : 200) diluted in PBS/bovine serum albumin (BSA) were added and then incubated for 1 h at room temperature. After mounting the samples, fluorescence images were scanned using an Olympus microscope (BX51; Olympus, Tokyo, Japan).
DNA immunization and in vivo electroporation
Immunization of three groups of six to eight-week-old female Balb/c mice (n=15 in each group) was performed by intramuscular injection of plasmid DNA (100 μg of plasmid DNA in 100 μL of PBS (pH 7.4) at two leg sites in the gastrocnemius muscle of each mouse) using a milliliter gauge needle. After injection, a pair of electrode needles 5 mm apart was inserted into the muscle at the DNA injection site, and electric pulses were delivered using an electric pulse generator (Genetronics, San Diego, CA, USA) [17] . EP pulses (three unipolar pulses of 5 Hz at 75 V, 20 ms each time,) were delivered using an ECM 830 square wave pulse generator (BTX, San Diego, CA, USA). At the end of the third week, each group received one booster immunization identical to the first immunization. Blood samples were taken at one, two, three, and five weeks after primer immunization for determination of antibody titers.
Virus challenge in mice
To assess the efficacy of the two candidate vaccines against lethal infection, the immunized mice were anesthetized two weeks after the second immunization and intranasally challenged with 100 LD 50 of the A/New Caledonia/20/99 (H1N1) virus in a final volume of 50 μL. DNA plasmid vectors (pVAX1) lacking an insert were used as a negative control. All studies with the live A/New Caledonia/20/99 (H1N1) virus were performed in accordance with the guidelines of the National Institutes of Health and the Centers for Disease Control and Prevention (www.cdc.gov/flu/h2n2bsl3. htm). After infection, the mice were observed every day for 14 d, and survival and clinical parameters such as body weight were recorded. Tissue homogenates were prepared by mechanical disruption of the lungs removed from the dead mice under sterile conditions and used for the RT-PCR assay. The HA gene was amplified and cloned into the pMD18-T vector for sequencing.
Enzyme-linked immunosorbent assay
Samples collected on zero, seven, 14, 21, and 35 d postimmunization were used to detect IgG antibodies by indirect enzyme-linked immunosorbent assay (ELISA) as previously described [18] . Briefly, 96-well plates (Costar, Cambridge, Mass, USA) were coated with 50 ng of inactivated A/New Caledonia/20/99 (H1N1) virus at 4°C overnight, and an ELISA kit for detecting mouse A/California/07/2009 (H1N1) H1HA IgG antibody was used (Cusabio Biotech). Antigen-coated immunoassay plates were washed five times with wash buffer and then blocked with 1% BSA in PBS for 1 h at 37°C. The serum samples were diluted 100 times in PBS containing 0.5% (w/v) gelatin, 0.15% Tween 20, and 4% calf serum (ELISA diluent) and applied in duplicate wells and incubated for 1 h at 37°C. The plates were washed five times with PBS and then reacted with 1:2000 dilutions of HRP-labeled goat anti-mouse IgG (Zhongshan-Golden Bridge Biotech Co., Ltd., Beijing, China) for 1 h at 37°C. After another five washes with PBS, the substrate (10 mg ortho-phenylenediamine+20 mL 0.015% hydrogen peroxide in phosphate/citrate buffer) was added. After incubation for 15 min at 37°C, the reactions were terminated with 2N H 2 SO 4 .
The absorbance values were determined at 492 nm using a Sunrise automated plate spectrophotometer and analyzed with Microsoft Excel 2007 for Windows. P-values were calculated to identify significant differences between the groups.
Hemagglutination inhibition test
Five mice per group were euthanized five weeks after the first immunization. Sera were collected, treated with receptor destroying enzyme (RDE) (Denka-Seiken) and incubated overnight at 37°C prior to being tested. Samples were then heat-inactivated at 56°C for 30 min. Serum samples were serially diluted two-fold using v-bottom microtiter plates. Equal volumes of 4 HA units of seasonal influenza A/New Caledonia/20/99 (H1N1) virus and A/California/07/ 2009 (H1N1) HA antigen as the source of antigen were added to each well. The plates were mixed by agitation, covered, and allowed to settle for 30 min at room temperature. Subsequently, 50 μL of 1% chicken red blood cells were added and incubated for 15 min at 37°C. The hemagglutination inhibition (HI) titer was determined by reciprocal dilution of the row that contained non-agglutinated chicken red blood cells. Positive and negative serum controls were included in each plate [19] .
Ex vivo interferon (IFN)-γ ELISpot assay
The level of cellular immunity stimulated by DNA vaccination was evaluated by measuring the frequency of interferon IFN-γ secreting splenocytes using a mouse IFN-γ ELISpot assay in accordance with the manufacturer's instructions (Dakewe Biotech, China). Dilutions of splenocytes from each mouse (10 6 cells/well) were distributed in polyvinylidene difluoride-treated 96-well plates that were previously coated with an anti-mouse IFN-γ monoclonal antibody. Mice splenocytes were added in triplicate with an input cell number of 1×10 6 cells/well in 100 μL of 1640 medium with 10% fetal bovine serum (FBS). The inactivated whole A/New Caledonia/20/99 (H1N1) virus and the A/New Caledonia/20/99 (H1N1) HA antigen were diluted in complete culture medium at a final concentration of 10 μg mL −1 , and 100 μL of the diluted samples was added to each well. Concanavalin A (ConA) (5 μg mL −1 ) was used as a positive control, and cells resuspended in complete culture medium only served as a negative control. After overnight incubation in a CO 2 incubator at 37°C, the splenocytes were discarded from the plates which were then extensively washed with precooled H 2 O. The IFN-γ spots were detected by biotinylated anti-mouse IFN-γ specific antibody. Streptavidin-horseradish peroxidase (HRP) was added and the plates were developed with 3-amino-9-ethylcarbazole (AEC) substrate solution. The spots were counted using an automated ELISpot reader (Bioreader 4000 PRO, Biosys, Germany). The results were expressed as mean±SEM of the number of spot-forming cells (SFC)/10 6 spleen cells.
Statistical analysis
The immune response of individual animals was evaluated for statistical analysis. The significance of the cellular and humoral immune responses was determined by two-way ANOVA with P-values generated using GraphPad 5.0 software. The Mantel-Cox test was used to evaluate the levels of protective immunity between groups. Differences were considered significant when the P-value was <0.05.
Results
Construction of expression plasmids and the in vitro assessment of immunogenicity
To determine the immunogenicity of the candidate influenza HA DNA vaccines, plasmids expressing the HAs of A/New Caledonia/20/99 (H1N1) and A/California/07/2009 (H1N1) were constructed and verified by sequencing as described in section 1.2 above. The expression of the HA proteins by pV1A5, pVEH1, and pVAX1 48 h after transfection of BHK-21 cells was detected by an immunofluorescence assay with anti-HA serum. The results, shown in Figure 1 , indicate that the pV1A5 and pVEH1 plasmids were successfully constructed and express the corresponding HA proteins. Thus, confirming that the plasmids were suitable for use in subsequent experiments.
Induction of antibody responses in mice immunized with the HA DNA vaccines
To compare the abilities of the two DNA vaccines to induce HA-specific immune responses, serum samples were obtained from all the mice five weeks after the first immunization and screened for H1N1 IgG specific antibodies and HI antibodies against A/New Caledonia/20/99 (H1N1) and A/California/07/2009 (H1N1) HA antigens. HA-specific antibodies were detected in the animals that were immunized with pVEH1 and pV1A5. Remarkably, with four HA units of the A/New Caledonia/20/99 (H1N1) virus, the pV1A5 group mean HI titer was 79, about 12 times higher than the titer of the pVEH1 group (Figure 2A ). With four HA units of the A/California/07/2009 (H1N1) HA antigen, the titer of the pV1A5 group was 4.3 times less than that of the pVEH1 group ( Figure 2B ). The IgG antibodies were detected using indirect ELISA with the A/New Caledonia/20/99 (H1N1) inactivated whole virus as the coated antigen. The absorbance of samples from mice immunized with pV1A5 rose from 0.27, 7 d post inoculation (7 DPI) to 0.46, 14 DPI and then slightly decreased 21 DPI. After receiving the booster dose, the titer rapidly increased to 0.68, 35 DPI. The mice in the pVEH1 immunized group only presented mild changes in antibody titers, with the maximum absorbance level corresponding to that of the pV1A5 group 14 DPI. The exception was at 7 DPI when the level of HA-specific IgG antibodies in the pV1A5 DNA vaccine immunized group was higher than that in the pVEH1 group (P<0.05). The titer of the pVEH1 immunized group was similar to that of the pVAX1 group (P>0.05) except at 35 DPI ( Figure 2C ). The same response patterns were seen for the antibodies specific for A/California/07/2009 (H1N1) HA antigen and detected by ELISA. The mice in the pVEH1 immunized group showed a significantly higher titer than those in the pV1A5 group (P<0.05) except at 7 DPI ( Figure 2D ). No specific anti-H1HA antibodies were detected in the mice inoculated with pVAX1. The titer of the pV1A5 immunized group was statistically higher than that of the pVAX1 group (P<0.05) except at 7 DPI. These results indicate that, after primary intramuscular vaccination with in vivo electroporation, the DNA vaccine expressing the HA protein significantly induces specific antibody responses at 14 DPI. Furthermore, the IgG antibody levels induced by the two candidate vaccines showed low levels of cross-protection to the heterologous subtype viruses. 
Protective immunity against the virulent H1N1 influenza challenge
At 35 DPI, three groups of mice were challenged intrana- The mortality rate in the pVEH1 immunized group was 60%. Thus, the protective immunity of the pVEH1 vaccine was significantly lower than that of the pV1A5 vaccine (P<0.05). The percentages of mice that were protected from death or weight loss post-challenge are summarized in Figure 4 . When the sequences of the viruses from the lung supernatants of the pVEH1 and pVAX1 immunized groups were compared, the HA amino acid sequence of A/New Caledonia/20/99 (H1N1) was found in 99.1% of the pVEH1 group and in 99.7% of the pVAX1 group. We were unable to amplify an HA positive band from the lung tissue of the mice in the pV1A5 group.
Discussion
Prophylactic vaccination prior to the epidemic flu season is an efficient way to control influenza virus infections. The currently licensed trivalent inactivated influenza vaccines have proven to be ineffective in conferring protection during epidemic influenza seasons when the vaccine and circulating strains are not well-matched antigenically. To control the pandemic influenza virus, plasmid DNA vaccines have been considered as an alternative to the inactivated vaccines. Previous research has shown that DNA vaccines expressing the H1, H3, H5, H7, and H9 subtypes can protect mice, chickens, and swine against a challenge from a homologous influenza virus [7, 8, [20] [21] [22] [23] [24] . In this study, we investigate whether DNA vaccines can protect against a heterologous viral challenge. The HA protein is the principal component of the spikes on the viral envelope that mediate the binding of virus particles to cell-surface receptors and trigger subsequent entry into the host cell [25] . Therefore, immunity against the HA antigen can be expected to confer a high level of protection against influenza. Several types of HA-based vaccines have been shown to protect against a challenge from influenza virus of the same HA subtype [26] .
In this study, two gene-based DNA vaccines expressing the HA protein of A/New Caledonia/20/99 (H1N1) and A/California/07/2009 (H1N1) were constructed and their abilities to protect against a seasonal A/New Caledonia/20/ 99 (H1N1) challenge in a mouse model were assessed. Consistent with previous research, electroporation-assisted immunization with these two DNA vaccines elicited strong cellular and humoral immune responses to the corresponding virus [27, 28] . We initially compared the traditional DNA immunization method with electroporation delivery immunization. The groups that were immunized using electroporation showed significantly higher levels of both humoral and cell-mediated immunity than the groups immunized in the traditional way (data not shown). The humoral immune response of the pV1A5 immunized group was enough to neutralize the A/New Caledonia/20/99 (H1N1) virus challenge, indicating that the antibodies that were produced were necessary and sufficient to confer protective immunity to a lethal challenge with the homologous virus. By contrast, the pVEH1 vaccine encoding the pandemic influenza virus HA protein gave a protective rate of 40% to the immunized group challenged with the identical seasonal influenza virus. This result indicates that the pVEH1 vaccine did not completely protect the mice against the heterologous subtype challenge. The level of IgG and HI antibodies in this group shows that the heterologous cross-protective immunity was low compared with homologous virus stimulation.
The ELISpot assay was used to assess the magnitude of HA-specific IFN-γ T cell responses to stimulation with different antigens. The immunogenic T cell epitopes may be conserved in the seasonal and pandemic H1N1 influenza viruses because the cell-mediated immune responses to A/New Caledonia/20/99 (H1N1) in the two immunized groups were not significantly different (P>0.05). This result is consistent with a previous report that indicated that half of the predicted CTL epitopes within a swine-origin influenza virus (H1N1) HA are also present in the conventional influenza HA vaccine [29] . The results of the ELISpot assay indicate that, while the humoral immune responses show a significant difference (P<0.05), the levels of cellular cross-protective immunity elicited by the two candidate vaccines are not significantly different (P>0.05). The mean HI antibody titer of the pVEH1 immunized group against the A/New Caledonia/20/99 (H1N1) antigen was 65 and significantly lower than that of the pV1A5 immunized group with a mean titer of 79. The same trend was observed for the IgG antibodies. This result may be explained by the 80.1% amino acid homology between the two H1N1 viral HA proteins, and by antigenic drift that greatly influences the protective immunity against A/New Caledonia/20/99 (H1N1).
Based on our experimental results, we conclude that differences in the humoral immune response may be responsible for the relatively lower protection that was observed against the heterologous subtype challenge. The HA amino acid sequences of the A/California/07/2009 (H1N1) and A/New Caledonia/20/99 (H1N1) viruses differ by 19.9%. As suggested earlier [16] , a difference of this magnitude may be enough to qualify as an "antigenic drift", allowing the virus to spread to a pandemic level.
The novelty of the present work is based on two factors. First, we used an electroporation delivery method of immu-nization to test our DNA candidate vaccines against influenza. Second, we compared the levels of cross-protective immunity of seasonal and pandemic influenza HA based DNA vaccines in vivo and in vitro by challenges with lethal doses of seasonal influenza virus. Our study validates the utility of electroporation for DNA immunizations and demonstrates the protective efficacy of HA based DNA vaccines against influenza.
